Objectives We conducted an individual participant data (IPD) pooled analysis on diagnostic accuracy of MRE to detect fibrosis stage in patients with non-alcoholic fatty liver disease (NAFLD). Methods Through a systematic literature search, we identified studies of MRE (at 60-62.5 Hz) for staging fibrosis in patients with NAFLD, using liver biopsy as gold standard, and contacted study authors for IPD. Through pooled analysis, we calculated the cluster-adjusted AUROC, sensitivity and specificity of MRE for any (≥stage 1), significant (≥stage 2) and advanced (≥stage 3) fibrosis and cirrhosis (stage 4). Results We included nine studies with 232 patients with NAFLD (mean age, 51 ± 13 years; 37.5 % males; mean BMI, 33.5±6.7 kg/m 2 ; interval between MRE and biopsy <1 year, 98.3 %). Conclusions MRE has high diagnostic accuracy for detection of fibrosis in NAFLD, independent of BMI and degree of inflammation.
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Key points
• MRE has high diagnostic accuracy for detection of fibrosis in NAFLD.
• BMI does not significantly affect accuracy of MRE in NAFLD.
• Inflammation had no significant influence on MRE performance in NAFLD for fibrosis.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease in the USA, and is likely to become the leading cause of liver transplantation in the next 10-20 years [1] [2] [3] [4] . With emerging therapeutic modalities for management of NAFLD, early detection and non-invasive monitoring of patients at highest risk of fibrosis progression is important. The current gold standard for staging of fibrosis is liver biopsy. However, this procedure is invasive, prone to sampling error, with considerable intra-and inter-observer variability in interpretation of histology [5, 6] . Several noninvasive ultrasound-based imaging tests have been developed, including transient elastography (TE) and acoustic radiation force impulse imaging (ARFI) [7] . While ultrasound-based tests are low cost, they have a high technical failure rate in obese patients [8, 9] . Additionally, these tests evaluate only a limited portion of the liver, and findings may be influenced by necroinflammatory activity, hepatic congestion and cholestasis [7] .
In contrast, magnetic resonance elastography (MRE), using a modified phase-contrast imaging sequence to detect propagating shear waves within the liver, provides a highly accurate, non-invasive measure of liver stiffness, evaluating a larger portion of the liver with the option of choosing the region of interest, and overcomes limitations in interpretations due to obesity or ascites, making it more applicable, especially in NAFLD [10, 11] . The overall failure rate of MRE is 4.3 %, with the majority of failures due to iron overload [11] .
We have recently reported a high diagnostic accuracy of MRE in patients with chronic liver diseases, but had a limited sample size of NAFLD patients and were limited in ability to perform subgroup analysis [12, 13] . Hence, in this systematic review, we sought to comprehensively evaluate the diagnostic performance of MRE for staging liver fibrosis focusing specifically on patients with NAFLD, through a pooled analysis of individual participant data (IPD). We performed an a priori stratified analysis to assess whether sex, obesity and degree of necroinflammation influence the diagnostic performance of MRE. Through IPD, we were able to obtain relevant data on NAFLD from heterogeneous cohorts from multiple collaborators globally.
Methods
This IPD pooled analysis was conducted and reported according to the Preferred Reporting Items for Systematic Reviews a n d M e t a -A n a l y s e s ( P R I S M A ) g u i d e l i n e s a n d recommendations from Riley et al. [14, 15] . The process followed an a priori established protocol. This was exempt from ethical approval as the analysis involved only deidentified data, and all individual studies had received local ethics approval.
Selection criteria and search strategy
We included all studies that met the following inclusion criteria: (a) evaluated the diagnostic performance of MRE as the index test, (b) used liver biopsy as the gold standard, (c) reported fibrosis using a comparable liver biopsy staging system (Brunt, NASH CRN Histologic Scoring System, Metavir, NAS fibrosis score, Desmet), (d) included adult patients with NAFLD in native livers, and (e) investigators were able to share IPD. Inclusion was not otherwise restricted by study size, language or publication type. We excluded studies in which MRE was not the diagnostic test, liver biopsy was not the gold standard, transplanted livers were studied, non-NAFLD aetiology of liver disease existed, or sufficient IPD could not be obtained despite two attempts to contact study investigators. Details of the search strategy and method of obtained IPD are reported in the Supplementary Appendix. The last date of search was 31 October 2014.
Data abstraction and quality assessment
The following IPD from each study was requested on patients with NAFLD -age at time of MRE, sex, body mass index (BMI), technique and reported liver stiffness on MRE, fibrosis stage on liver biopsy (and classification system used), degree of inflammation on liver biopsy (based on METAVIR activity grading: A0 -no histological necroinflammatory activity; A1 -minimal activity; A2 -moderate activity; A3 -severe activity) [16] ; and interval between MRE and liver biopsy. To allow homogeneous comparison of liver fibrosis staging, we asked all groups to transform their reporting of fibrosis stage in accordance with a simplified five-stage fibrosis scoring system, as reported in Supplementary Table 1. The quality of included studies was assessed using the quality assessment of diagnostic accuracy studies (QUADAS) questionnaire [17] . Details of quality assessment are reported in the Supplementary Appendix.
Outcomes assessed
The primary outcome of interest was the diagnostic performance of MRE for the diagnosis of any (≥stage 1), significant (≥stage 2) and advanced (≥stage 3) fibrosis and cirrhosis (stage 4) in patients with NAFLD, compared with the reference standard of liver biopsy. Results were reported as sensitivity, specificity and area under receiver-operating curve (AUROC) with corresponding MRE stiffness cut-offs.
We performed several pre-planned subgroup and stratified analyses based on sex (males vs. females), presence of obesity (BMI ≥ 30 kg/m 2 vs. <30 kg/m 2 ) and degree of necroinflammatory activity (none-mild [A0-A1] vs. moderate-severe [A2-A3]). In addition, we performed a sensitivity analysis restricted to studies in which the interval between MRE and liver biopsy was ≤1 year, to minimize the risk of disease progression bias.
Statistical analysis
We performed descriptive analyses, reporting mean (standard deviation) or median (interquartile range) for continuous variables. To investigate the association between age, sex, necroinflammatory activity and MRE, we constructed simple linear regression models while clustering was used to account for differences between studies. In case of multiple studies from the same centre, after excluding overlapping patients, these studies were included as a single cohort.
We then calculated the AUROC by pooling IPD across the included studies using the non-parametric two-stage model proposed by Pepe et al. [18] . The correlation within each study was adjusted through clustering. We estimated the 95 % confidence interval (CI) using bootstrapping with replacement in 10,000 replications. Sensitivity and specificity of MRE and corresponding cut-offs were estimated using Youden index [19] . From pooled sensitivity and specificity, we estimated the positive and negative likelihood ratios (LRs), with a positive LR higher than 5 and a negative LR less than 0.2 suggesting strong diagnostic evidence [20] . To compare the difference in AUROCs between subgroups, we used the interaction test proposed by Altman and Bland for comparisons with two estimates and one-way ANOVA for comparisons with more than two estimates [21] .
All statistical analyses were conducted using STATA version 12.1 (StataCorp LP, College Station, TX, USA).
Results
From 549 unique studies identified using our search strategy, nine studies met our inclusion criteria [13, [22] [23] [24] [25] [26] [27] [28] [29] . Seventeen studies were excluded after review of the full text -14 studies which did not include patients with NAFLD [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] , two studies from overlapping cohorts [12, 44] and one study evaluating the role of MRE in paediatric NAFLD [45] . Only data from studies in which MRE was performed at 60-62.5 Hz were included in this pooled analysis. Figure 1 shows the study selection flowsheet.
Characteristics and quality of included studies
We analysed IPD from nine studies from six cohorts, with 232 unique patients with NAFLD (Table 1) [13, [22] [23] [24] [25] [26] [27] [28] [29] ; one study was prospective [13] . Eight studies were conducted in the USA at five centres and one study was conducted in Europe. All the studies used 1.5T MRI scanners, with shear waves generated at 60-62.5 Hz.
Overall, these studies were at low risk of bias -eight of the included studies had a QUADAS score ≥10 (Supplementary  Table 2 ) [13, [22] [23] [24] [25] [27] [28] [29] . On assessment of individual QUADAS items, four studies were at high risk of spectrum bias, especially since they reported on a control group of healthy patients and/or knew a priori the fibrosis stage of the patients [22, 23, 26, 29] ; however, in this IPD pooled analysis, we included only patients with NAFLD (not healthy controls), minimizing the influence of spectrum bias on overall interpretation of diagnostic accuracy of MRE. One study provided insufficient information on whether the results of MRE were interpreted while blinded to liver biopsy results, or vice versa, putting them at risk for review bias [26] , and one study was performed in patients with established stage 2 or stage 3/4 fibrosis [22] .
The mean age of the pooled cohort was 51±13 years and 37.5 % were males. Mean BMI was 33.5±6.7 kg/m 2 (n=200), with 73 % classified as obese. The median interval between performance of MRE and liver biopsy was 38 days (interquartile range (IQR) 16-71 days); the interval was <1 year in 98.3 % cases, and hence at low risk of disease progression bias.
The distribution of fibrosis in the pooled cohort was: stage 0-33.6 %; stage 1-32.3 %; stage 2-10.8 %; stage 3-12.9 %; and stage 4-10.4 %; accordingly, 66.4 % had any fibrosis (≥stage 1), 34.1 % had significant fibrosis (≥stage 2), 23.3 % had advanced fibrosis (≥stage 3) and 10.4 % had cirrhosis. Distribution of histological necroinflammatory activity grade was available for 219 patients: 16.0 % had no active inflammation, 39.7 % had minimal inflammation, 39.7 % had moderate inflammation and 4.6 % had severe inflammation.
Diagnostic accuracy of magnetic resonance elastography (MRE)
The mean liver stiffness across the entire cohort was 3.56± 1.40 kPa, ranging from 1.6 to 10.3 kPa. On cluster-adjusted pooled analysis, the AUROC of MRE for diagnosis of any (≥stage 1), significant (≥stage 2) or advanced (≥stage 3) fibrosis and cirrhosis was 0.86, 0.87, 0.90 and 0.91, respectively, suggesting excellent discriminative ability for detection of advanced fibrosis and cirrhosis, and good discriminative ability for detection of any and significant fibrosis ( Table 2 , Supplementary Figure 1) . The corresponding MRE liver stiffness cut-offs were 2.88, 3.54, 3.77 and 4.09 kPa, respectively. Figure 2 shows the mean liver stiffness values corresponding to stage 0, stage 1, stage 2, stage 3 and stage 4 fibrosis. Based on these estimates of sensitivity and specificity, we estimated high positive and negative LRs particularly for detection of advanced fibrosis and cirrhosis (Table 2) . We were unable to estimate a positive and negative predictive value due to variability of prevalence depending on the clinical situation in which MRE is used (primary care clinic vs. referral centre hepatology practice).
There was no correlation between sex (male vs. female: regression coefficient=−0.23, p=0.29) or grade of inflammation (absent-mild vs. moderate-severe inflammation, r= −0.53, p=0.28) and liver stiffness on MRE; there was a modest correlation between age and liver stiffness (per unit age: r= 0.03, p=<0.01).
Subgroup and sensitivity analysis
On subgroup analysis, the diagnostic performance of MRE was comparable in males and females (Table 3) . The presence or absence of obesity also did not influence the diagnostic accuracy for MRE at all stages of fibrosis. Likewise, the degree of necroinflammatory activity on liver biopsy did not significantly influence the diagnostic accuracy of MRE for detection of significant or advanced fibrosis.
When we excluded patients in whom the interval between MRE and liver biopsy was >1 year (1.7 % of the pooled cohort), MRE continued to have excellent discriminative ability for detection of advanced fibrosis and cirrhosis (Table 3) .
Discussion
In this systematic review and IPD pooled analysis of diagnostic performance of MRE in nine studies (six independent cohorts) with 232 patients with NAFLD, we made several key observations. First, the overall diagnostic accuracy of MRE in patients with NAFLD for discriminating advanced fibrosis (≥stage 3) is excellent with an AUROC of 0.90-0.91; the performance of MRE for diagnosis of significant (≥stage 2) and any (≥stage 1) fibrosis is also very good (AUROC 0.86-0.87). The optimal cut-off of MRE for diagnosis of any, significant and advanced fibrosis and cirrhosis derived from this pooled analysis of patients with CLD is 2.88, 3.54, 3.77 and 4.09 kPa, respectively. Second, the diagnostic performance of MRE is robust and stable, independent of sex and obesity. Third, in our pooled analysis, we did not observe a significant difference in the diagnostic performance of MRE in patients with increasing necroinflammatory activity. Overall, the results are similar to those observed in our previous pooled analysis on diagnostic performance of MRE in all patients with chronic liver diseases, which included only 115 patients with NAFLD [12] .
Though there were no head-to-head comparisons; overall, the diagnostic performance of MRE appears comparable, if not superior, to that of the ultrasound-based methods of TE and ARFI. In a combined French-Chinese cohort study of diagnostic performance of TE in 246 patients with NAFLD, Wong et al. [46] observed that the AUROC for detection of significant and advanced fibrosis and cirrhosis was 0.84, 0.93 and 0.95, respectively. However, the mean BMI of patients in their cohort was 28.0 kg/m 2 , and only 28.5 % of patients were obese. In another study in 100 obese patients undergoing bariatric surgery (mean BMI, 42.3 kg/m 2 ), the AUROC for detection of significant and advanced fibrosis with TE was 0.81 and 0.85, respectively [47] . In a study-level meta-analysis of MRE magnetic resonance elastography, NAFLD Non-alcoholic fatty liver disease, NASH CRN Non-alcoholic steatohepatitis clinical research network, NAS-NASH activity score, NR Not reported M-probe TE in patients with NAFLD, Kwok et al. [48] observed that the AUROC for significant and advanced fibrosis was 0.78-0.87 and 0.76-0.98, respectively [48] . However, study-level diagnostic accuracy meta-analysis of aggregate data have several limitations including: (a) overestimation of diagnostic performance due to spectrum bias (inclusion of healthy controls), (b) selective reporting bias in individual studies (and inability to account for those at an aggregate level), (c) potential overlap of patients across studies which results in double-counting, (d) inability to identify an optimal diagnostic threshold, (e) high degree of heterogeneity (due to differences in patient characteristics, diagnostic thresholds in individual studies, etc.) and (f) limited subgroup analyses to examine stability of association and sources of heterogeneity. The failure rate of TE is significantly higher than MRE, especially in obese patients. In a single centre prospective study of over 13,000 TE exams, the rate of failed or unreliable TE measurements in obese patients was 16.9 and 35.4 % [8] ; similarly, the rate of unreliable ARFI exams in obese patients was 17.6 % [9] . Obesity, in particular high waist circumference, has also been associated with higher discordance with biopsy findings with both over-and underestimation of fibrosis stage [49, 50] . With the use of an XL probe for TE, this failure rate is lower but still continues to be higher than that observed for MRE [51] . We observed that the diagnostic performance of MRE was unaffected by obesity, with comparable AUROCs in obese and non-obese patients; however, this should be interpreted with caution since there may have been an intrinsic selection bias wherein patients with morbid obesity may have been excluded due to inability to be accommodated in the MRI scanner. The failure rate of MRE is <5 % and usually related to iron overload; newer improved sequences are available to perform MRE in patients with iron overload, and it is anticipated that the failure rate would decrease to <1 %. Comparative studies of MRE and TE have also suggested higher technical success rate as well as superior diagnostic accuracy of MRE [36] .
R e c e n t s t u d i e s h a v e s u g g e s t e d t h a t c h r o n i c necroinflammatory activity due to NAFLD may influence TE-measured liver stiffness in patients at all stages of fibrosis and is a strong confounding variable [52, 53] . In our pooled analysis, the diagnostic accuracy of MRE for detection of significant or advanced fibrosis was not significantly influenced by the presence of severe inflammation. However, in a recent study, Ichikawa et al. [54] have observed that hepatitis activity grade may also influence liver stiffness measured using MRE. Large, prospective studies are needed to study the influence of inflammation on MRE-measured liver stiffness.
Strengths and limitations
Using participant level data, through collaboration with multiple research groups, we were able to overcome limitations of study-level meta-analysis by (a) being able to abstract data only on patients with NAFLD, (b) using standardized statistical analysis across studies, (c) adjusting for baseline potential c o n f o u n d i n g f a c t o r s ( l i k e a g e , s e x , o b e s i t y, necroinflammatory activity, etc.), (d) accounting for missing data and minimizing overlapping data in different studies, (e) Fig. 2 Composite box-plot graph showing magnetic resonance elastography (MRE), stiffness values for various stages of fibrosis. The horizontal line through each box represents a median value and each box top and bottom represents data from the 25th to the 75th percentile (middle 50 % of observations). Whiskers represent data from the minimum to maximum, excluding outliers, which are represented as separate dots decreasing selective reporting bias, (f) attempting to minimize spectrum bias by excluding data from healthy controls, and (g) assessing robustness of association and sources of heterogeneity using subgroup and stratified analysis. Hence, AUROC derived from this IPD pooled analysis represents a more reliable, accurate and real-world diagnostic performance of MRE for staging hepatic fibrosis. Besides being an IPD pooled analysis, our systematic review had several other strengths, including: (a) comprehensive and systematic literature search with well-defined inclusion criteria, carefully excluding redundant studies; (b) rigorous evaluation of study quality; (c) sub-group and sensitivity analyses to evaluate the stability of findings and identify potential factors responsible for inconsistencies; and (d) being able to establish optimal diagnostic thresholds corresponding to the inflection point in the ROC.
There were several limitations in our study. First, our analysis was only able to evaluate the diagnostic performance of MRE performed at 60-62.5 Hz, and not at 50 Hz as is practiced in certain parts of Europe. Studies using MRE performed at 50 Hz have suggested a similar high diagnostic accuracy for detection of significant and advanced fibrosis [31, 36] . Second, while IPD pooled analysis was able to alleviate several of the limitations of a conventional aggregate data meta-analysis, ours was still a retrospective analysis with several inherent variations due to lack of standardized performance of index test and lack of centralized reading of biopsies. Only one study included in the analysis was prospective. Variable liver fibrosis staging systems were used in individual studies. We tried to improve comparability by a priori requesting investigators to transform fibrosis stages into a simplified five-stage fibrosis scoring system; however, such a transformation may result in misclassification. Third, there was incomplete capturing of some potential confounding factors in the included studies, such as BMI (available for 200/232 patients). However, as best as we could assess with the available data, it is unlikely that these variables would significantly influence the diagnostic performance of MRE. Fourth, though we were able to identify optimal diagnostic thresholds, these should be interpreted cautiously and require prospective validation in a well-defined population; these thresholds are likely to vary depending on the practice where MRE is applied. Fifth, the gold standard in these included studies was liver biopsy. Liver biopsy itself is not a perfect gold standard, since it samples only 1/50,000 of the total liver mass and a significant discrepancy in fibrosis stage as high as 33 % can be observed depending on the site of liver biopsy [5, 6] . It is conceivable that the diagnostic accuracy of MRE may in fact be higher given its ability to globally evaluate the liver. Further studies are needed to systematically reassess the misclassified patients to further calibrate the true diagnostic accuracy of MRE. Finally, our study was not designed to address the diagnostic performance of MRE or other imaging modalities for differentiation of fatty liver alone and steatohepatitis, or to examine its prognostic utility [55] .
In conclusion, through a systematic review and IPD pooled analysis, we observed that MRE is a highly accurate, noninvasive technique for staging liver fibrosis in patients with NAFLD, which is not significantly influenced by age, sex, obesity and degree of inflammation. Longitudinal studies are needed to assess whether changes in MRE-derived liver stiffness as a result of treatment predicts improvement in longterm clinical outcomes, and whether it can be used as an end-point in treatment trials [56] . Comparative prospective studies of ultrasound-based elastographic techniques like TE and ARFI as well as MRE are warranted.
